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The  academic  literature  using  graphene  within  the  ﬁeld  of electrochemistry  is  substantial.  Graphene
can  be fabricated  via  a plethora  of routes  with  each  having  its own  unique  merits  (e.g. cost,  fabrica-
tion  time,  quality  and scale)  and  reduced  graphene  oxide  (rGO)  is  more  often  the material  of  choice  for
electrochemical  sensors  and  associated  applications  due  to  its ease  of fabrication  and  ability  to  be  mass
produced  on the  kilogram  scale.  This  review  overviews  pertinent  developments  in  the  use  of rGO  as  theeywords:
ensing
raphene
educed graphene oxide
lectrochemical
basis  of  electroanalytical  sensors  (2016–2017);  guidelines  for  the  progression  of this  ﬁeld are  also  given.
© 2017  The  Authors.  Published  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).etection
ontents
1. Introduction  . . .  . . .  . . . .  . .  .  . . .  .  . . .  .  . . .  .  . . . . . . . . . .  . . . .  . . . .  . . . .  .  . . . . . .  . . .  . . . . .  .  . . .  .  . . . .  .  . . . . . .  . . . . .  . . .  .  .  . .  . . .  .  . . . .  . . .  . . . . . . . . . . . . .  . . .  . .  .  .  .  . .  . .  .  . . .  . . . . . .  . .  . 218
2. GO  utilised  in electrochemical  sensing  applications  . . . .  .  . . .  .  . . .  . . . .  . .  . . . . .  .  . .  . . .  . .  . . . . . . .  .  . . . . .  . .  . . . . .  . . .  . . . . .  . . .  . . .  . . . .  .  . . . .  .  . . . . . . .  . . .  . . .  . .  .  .  .  . .  . . .  222
3. Concluding  remarks  .  . . . .  . . .  .  .  . . . . . . . . . .  . . . .  . . .  .  . . .  .  .  . .  .  .  . .  . . .  .  .  . .  . . .  .  .  . . . . . . .  . . . . . . .  . . .  . . .  . .  . .  . . .  . . .  .  . . . .  . .  .  . . . .  .  .  .  . . .  . .  .  .  . . .  . . .  . .  .  .  .  .  .  . .  .  . . . .  . . . . .  .  .  . 225
References  .  . .  . . .  .  . . . .  .  .  . . .  .  . . .  .  . .  . . . .  . . . . . . .  .  . . .  .  . . .  .  .  . .  .  . . .  .  . .  .  . . .  . . . .  . . .  . . . .  .  . .  . .  . . .  . . . . .  .  . .  . . . . .  . . .  . . .  . . . .  . . . .  . .  .  .  . . .  . . . .  .  .  . . .  . . . . . .  . . .  . .  .  . .  .  . .  . .  . . .  226
. Introduction
Graphene is now extensively researched since the advent of
ts reported range of physical properties back in 2004 and 2005
1,2] and it is acknowledged that graphene has been theoretically
xplored since the 1940s and known to exist since the 1960s [3].
here are a substantial number of papers reporting the use of
raphene in the ﬁeld of electrochemistry making it now impossi-
le to summarise the ﬁeld in a single review. Consequently in this
aper, we focus and only overview the recent ﬁeld of electroana-
upon the variety of fabrication methodologies and as such, will not
be covered here. Cleary pristine graphene can be fabricated allow-
ing the fundamental understanding of graphene to be deduced but
is not readily used as the basis of electrochemical sensors due to
its high cost and lack of manufacturing scalability. Other forms of
graphene are thus explored, due to these very reasons. As such,
reduced graphene oxide (rGO) is widely utilised, which is usually
fabricated from the oxidation/exfoliation of graphite to graphene
oxide (GO) and then its reduction to graphene via a variety of routes
such as chemical, thermal or electrochemical; this is summarisedytical sensors from 2016 to 2017.
The fabrication of graphene is achieved by a plethora of ways,
s identiﬁed within Figs. 1 and 2 each of which having their own
erits; there are many papers and reviews that focus extensively
∗ Corresponding author at: Faculty of Science and Engineering, Manchester
etropolitan University, Chester Street, Manchester M1  5GD, UK.
E-mail address: c.banks@mmu.ac.uk (C.E. Banks).
ttps://doi.org/10.1016/j.apmt.2017.11.010
352-9407/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article uwithin Fig. 2. There are clearly a wide range of ways to produce
graphene, ranging from producing pristine graphene through to
what is termed rGO.
Initially, it is pertinent to deﬁne exactly what graphene oxide
(GO) and rGO is. Dreyer et al. [4] have usefully provided a sum-
mary: GO is chemically modiﬁed graphene, which is prepared by
oxidation and exfoliation that is accompanied by extensive modi-
ﬁcation of the basal plane. GO is a monolayer with a high oxygen
content, typically characterised by a C/O ratio of less than 3:1 and
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Big. 1. The most common graphene production methods. Each method has been ev
ost  of production), scalability (S), purity (P) and yield (Y) of the overall production
eprinted with permission from Nature [41].
ypically closer to 2:1, respectively. Note that GO is not a new mate-
ial given that it has been known to exist since the 1840s [4–6]. It
as been largely overlooked in this ﬁeld of research, being consid-
red predominately as a precursor for graphene synthesis. Brodie
6] reported that graphite oxide is deﬁned as: bulk solid made by
he oxidation of graphite through processes that functionalise the
asal planes and increase the interlayer spacing. Graphite oxide
an be exfoliated in solution to form (monolayer) graphene oxide
r partially exfoliated to form few-layer graphene oxide. Thus,
GO is deﬁned (as above) that has been reductively processed by
hemical, thermal, microwave, photo-chemical, photo-thermal or
icrobial/bacterial methods to reduce its oxygen content.
Interestingly, GO is reported to have limited electrical and ther-
al  transport due to the oxygen functionalisation on the basal
lane surface [7], and it has been largely overlooked in this ﬁeld
f research, being considered predominantly as a precursor for the
ynthesis of graphene. GO has been reported to be beneﬁcial in
 very few electrochemistry areas [8,9], such as in energy stor-
ge devices [10], and nucleic acid monitoring [11]. Recent work by
rownson et al. [12] has demonstrated that GO, used as is, gives rised in terms of graphene quality (G), cost aspect (C; a low value corresponds to high
ss.
to unique electrochemical responses where the oxygenated species
encompassing GO strongly inﬂuence and dominate the observed
voltammetry, which is crucially coverage dependant. rGO  is an
interesting member of the graphene family since it, along with
GO, are the only variants where fabrication can be scale-up and be
manufactured on the kilogram scale [7]. The fundamental under-
standing of graphene is generally explored using graphene that is
made via mechanical exfoliation or Chemical Vapour Deposition
(CVD) [13–16], i.e. pristine graphene, which allows stricter con-
trol over the number of graphene layers, but fundamental work
on rGO is yet to be fully explored, although general trends can
be readily transferred such as the density of edge plane like –
sites/defects/number of graphene layers dominating the electro-
chemical response [17,18]. Note the C/O ratio is not zero, i.e. like
pristine graphene and the C/O amount and type of C O groups may
inﬂuence its electrochemical response.In this review, we  overview recent developments utilising
rGO as the basis of electroanalytical sensors. Table 1 provides an
overview summarising the last two  years contribution to this ﬁeld;
we limit this timeframe due to the sheer volume of publications.
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Table 1
Examples of some of the recent studies that utilise rGO and GO as the basis of electroanalytical sensors.
Analytical target Supporting
electrode/substrate
Catalytic material utilised Graphene fabrication
method
Sensitivity (A  M−1 cm−2) Limit of detection
(M)
Characterisation
techniques
Average number of
graphene layers
Ref.
Acetaminophen GC Polydopamine functionalized
rGO with Pd nanoparticles
Commercially obtained GO 5.842a 0.087 EDS, FTIR, SEM
UV–vis and XRD
– [43]
Acetaminophen GC rGO, PDDA, gold
nanoparticles and alumina
Modiﬁed Hummers 4.871a 0.006 AFM, FT-IR, SEM,
TEM and XRD
Single  layer [44]
AFP GC AuNPs-PEDOT/PB-rGO –  – 0.003 SEM, TEM and XPS –  [26]
Cd(II) and Pb(II) GC rGO with electrodeposited
gold nanoparticles
Modiﬁed Hummers with
graphite pre-treatment [20]
0.0062 and 0.0013 for Cd(II)
and  Pb(II), respectively
7.12 × 10−4 and
5.79 × 10−4 for
Cd(II) and Pb(II),
respectively
EDS and SEM – [45]
CRP SPE Bio-functionalised rGO – – – SEM –  [46]
Cu(II) GC Tin sulphide on rGO Modiﬁed Hummers
(hydrazine reductant)
2.410 0.02 Raman, SEM, TEM,
XPS and XRD
–  [47]
Curcumin GC Electrochemically reduced
GO
Hydrazine-stabilised
Hummers [48]
0.16 0.1 Not stated –  [49]
DNA GC Fe3O4/rGO composite Non-speciﬁed modiﬁed
Hummers method
Reported to span several
orders of magnitude
Attomolar SEM and TEM – [50]
Dopamine Freestanding graphene based
composite electrode
rGO, Ag nanoparticle and
poly(pyronin Y) composite
paper
Modiﬁed Hummers with
graphite pre-treatment [20]
0.90 0.15 Raman, SEM, STM,
UV–vis, XPS and XRD
Single sheet [27]
Dopamine GC rGO with electropolymerised
Cu/AMT
Non-speciﬁed modiﬁed
Hummers method
0.049a 0.004 FT-IR, SEM, XPS and
XRD
– [51]
Dopamine GC‘ rGO with manganese
tetraphenylporphyrin
Non-speciﬁed modiﬁed
Hummers method
2.61 0.008 EDX, NMR, SEM,
UV–vis
– [52]
Fe(III), Cd(II) and Pb(II) GC Calixarene/rGO –  – Ca, 2.0 × 10−5 for all
targets
AFM, IR, Raman,
SEM  and XPS
–  [37]
Folic acid GC Electrochemically reduced
GO  and methylene blue
Unknown – references a
paper that appears
ambiguous in its GO
production procedure [53]
0.014 0.5 SEM and TEM Single sheet [54]
Glucose GOx and Naﬁon processed
gate  electrode
Polypyrrole nanowires and
rGO
Modiﬁed Hummers [48] 0.773 0.1 FT-IR and SEM –  [55]
Glucose GO and polyacrylic acid
hydrogel
Multi-component rGO-based
electrode
Traditional Hummers [21] 0.015 25.0 FT-IR and UV–vis –  [56]
Glucose GC N-doped rGO with copper
nanostructures
Modiﬁed Hummers with
graphite pre-treatment [20]
1.85 0.014 EDX, Raman, SEM,
XRD and XPS
Few layers [57]
Glucose GC Layer-by-layer assembly of
rGO and glucose oxidase
ﬁlms
Modiﬁed Hummers with
graphite pre-treatment [20]
2.47 13.4 FT-IR, SPR and XRD “Multiple layers” [58]
Glucose ZnO-nanorods/graphene
heterostructure
Glucose oxidase, ZnO and
chemically reduced
graphene on SiO2
–  0.088 – FT-IR, SEM, TEM and
XRD
–  [33]
Glucose GC rGO, chitosan, ZnO, silver
nanparticles, glucose oxidase
Microwave-assisted
synthesis based on Hummers
[59]
6.41a 10.6 Raman, SEM, TEM
and XRD
–  [30]
Glucose GC rGO, Naﬁon
®
, chitosan, and
glucose oxidase
Unknown – references a
paper that appears
ambiguous in its GO
production procedure [53]
0.042 5.0 FT-IR, SEM, TEM and
XPS
“Multiple layers” [60]
Hydrogen peroxide GC Pd/TNM@rGO Modiﬁed Hummers 3.678 0.0025 EELS, Raman, TEM,
XPS and XRD
–  [61]
Hydrogen peroxide Au CeO2/rGO Non-speciﬁed modiﬁed
Hummers method
– 0.26 FESEM, FTIR and
XRD
– [62]
Hydrogen peroxide GC rGO with iron nanoparticles
using an ion exchange
method
Traditional Hummers [21] 0.065 0.056 EDX, FTIR, TEM and
XPS
Few layers [63]
Hydrogen peroxide GC rGO electrodeposited upon
GC with methylene blue
Modiﬁed Hummers method
[64]
10.2 0.06 SEM, TEM, FT-IR and
UV–vis
Single layer [65]
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Hydrogen peroxide SPE rGO and CeO2 Modiﬁed Hummers method
[66]
0.046 0.21 Raman, SEM, FT-IR
and XRD
Multiple layers [67]
Hydrogen peroxide GO paper Gold and Prussian blue
nanoparticles grafted onto
rGO paper
Hummers with graphite
pre-treatment [20]
5.000 0.1 AFM, EDS, SEM,
TEM, UV–vis XPS
Single layer [68]
Hydrogen peroxide and Nitrite GC MWCNTs@rGONRs Longitudinal unzipping of
MWCNT
0.616 and 0.643 for H2O2
and NO2, respectively
0.001 and 0.01 for
H2O2 and NO2,
respectively
EDS, Raman, SEM
and TEM
–  [69]
Hydroquinone GC rGO with chitosan Traditional Hummers 16.8 0.44 AFM, FT-IR, EDS,
SEM and XRD
– [70]
Imatinib PGE Dendrimer assisted rGO – 0.199 and 0.816 0.007 SEM – [71]
Lobetyolin GC Magnetic (Fe3O4)
functionalised rGO
Modiﬁed Hummers with
graphite pre-treatment [20]
1.91 0.043 AFM, FT-IR, TGA, and
VSM, (vibrating
sample
magnetometer) SEM
and  XRD
Single sheet [72]
Methlymercury GC AuNPs-rGO Commercially obtained 0.57 (A L−1)  0.12 EDS, Raman and SEM – [73]
Methylparaben GC rGO/RuNPs Modiﬁed Hummers [74] – 0.24 HPLC, Raman and
TEM
– [75]
NADH GC Au-AgNP,P(l-Cys)/ERGO Electrochemical reduction 4.872 0.009 SEM and XPS – [31]
Nitrite GC pD/Fe3O4/polyDOPA/rGO Commercially obtained 0.5 Raman, TEM,
UV–vis, XPS and XRD
– [76]
Nitrite GC 3D-mp-rGO-POM GO prepared via graphite
oxidation and exfoliation
[77]. rGO prepared via
hydrazine reduction [78].
0.2 [79]
Nitrite AU SPE Screen-printed gold
electrode with drop-casted
rGO
Traditional Hummers 0.21 0.83 AFM, Raman, SEM – [80]
Nitrite GC Hydrothermally synthesized
nitrogen-doped GO with
palladium nanocubes (drop
casted)
Modiﬁed Hummers with
graphite pre-treatment [20]
0.342 0.11 EDS, SEM, Raman,
UV–vis TEM, XRD
Few-layer [81]
Nitrite GC Layer-by-layer drop-casted
rGO, horseradish peroxidase,
and  Co3O4
Modiﬁed Hummers with
graphite pre-treatment [20]
4.20a 0.21 FE-SEM, FE-SEM,
UV–vis and XRD
– [82]
Nitrite GC rGO with Zn-porphyrin
fullerene
Commercially obtained 0.23 N/A SEM and UV–vis – [83]
Nitromethane BFE Electrochemically reduced
GO, chitosan, and
haemoglobin
Commercially obtained – 1.5 SEM – [84]
Ochratoxin A BFE DNA-functionalised
graphene/Au hybrids with
CdTe quantum dots
Modiﬁed Hummers with
graphite pre-treatment [20]
– 0.07 pg mL−1 Fluorescence spectra
FS, TEM
– [85]
Pb(II) GC Co3O4/rGO/chitosan Commercially obtained – 3.5 × 10−4 EDS, SEM, TEM and
XRD
–  [86]
Sulﬁte GC AuNPs-rGO – 0.103 0.045 SEM, TEM, XRD and
XPS
“Thin” [87]
Taxifolin GC Poly(diallyldimethylammonium
chloride) rGO and Pd
nanoparticles
Traditional Hummers [21] 38.4 0.001 UV–vis TEM, XRD – [88]
Thyroxine Graphene-based ﬁller
hybrid-nanomaterial
throughout an insulating
epoxy resin
rGO with gold nanoparticles
and  beta-cyclodextrin
Modiﬁed Hummers (ascorbic
acid reductant)
35.5 0.001 EDS, TEM, TGA and
UV–vis
–  [28]
a Value not stated within the paper but estimated from presented data, –; information not stated within the paper, 3D; three dimensional, mp; macroporous, AFP; -fetoprotein, AuNPs-PEDOT/PB-rGO; gold nanoparticles-
poly(3,4-ethylenedioxythiophene)/Prussian blue-reduced graphene oxide nanocomposite, BFE; bismuth coated glassy carbon, CRP; C-reactive protein, Cu/AMT; opper-2-amino-5-mercapto-1,3,4-thiadiazole, DNA; deoxyribose
nucleic  acid, DOPA; 3,4-dihydroxy-l-phenylalanine, EDS; energy-dispersive X-ray spectroscopy, EELS; electron energy loss spectroscopy, ERGO; electrochemically reduced graphene oxide, FESEM; ﬁeld emission scanning electron
microscope, FS; Fluorescense spectra, FT-IR; Fourier transform infrared spectroscopy, GC; glassy carbon electrode, GO; graphene oxide, HPLC; high performance liquid chromography, MWCNTs@rGONRs; multiwalled carbon
nanotubes@reduced graphene oxide nanoribbons/chitosan, NMR; nuclear magnetic resonance, NP; nanoparticle, P(l-Cys); poly(l-Cysteine), PGE; pencil graphite electrode, POM; polyoxometalate, rGO; reduced graphene oxide,
SEM;  scanning electron microscope, SPE, screen-printed electrode, SPR; Surface Plasmon Resonance, STM; scanning tunnel microscope, TEM, transmission electron microscope, TGA; thermogravimetric analysis, TNM; tert-nonyl
mercaptan, UV–vis; ultraviolet–visible spectroscopy, VSM; vibrating sample magnetometer, XPS; X-ray photoelectron spectroscopy, XRD; X-ray diffraction analysis.
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able 1 is grouped into analytical targets, the supporting electrode
ubstrate, fabrication method, analytical outputs and character-
sation techniques and number of graphene layers reported for
ach sensor/composite. We  provide a critical summary and suggest
uture directions for this ﬁeld.
. GO utilised in electrochemical sensing applications
Table 1 lists selected literature over the period 2016–2017
escribing electroanalytical sensors reported in the academic liter-
ture which utilise rGO in one form or another. As noted in Table 1,
any of the graphene production methods rely upon solvent-based
ynthesis of reduced graphene oxide (rGO), which can be created
y one of a number of production methods and are sometimes
ot reported in sufﬁcient detail [19–21]. Each method yields rGO
f different qualities, and therefore producing differing electro-
hemical responses that have to be accounted for. To quote one
xample, one recent report highlights a voltammetric determina-
ion method for the anti-inﬂammatory drug furazolidone [22], but
he methods employ commercially available GO with an unknown
roduction method, adding a layer of ambiguity to the work that
equires removal using a range of characterization techniques, dis-
ussed previously. This is demonstrated succinctly in the work by
oh et al. that shows rGO synthesized from Staudenmaier, Hoffman,
nd Hummers methods yield signiﬁcantly different electrochemi-
al responses [23]. This is due to the different reagents used for the
xidation of graphite, which not only introduce different levels of
xygenated species, but also introduce impurities, especially in the
ase of the Hummers method, which is purported to introduce N
eteroatoms to the graphene backbone. Note other reports have
ontradicted this [24]. It is interesting to note that the O/C ratio of
ummers-type GO has been demonstrated to vary insigniﬁcantly
ith respect to reagent concentrations and conditions, however the
rudely-termed “oxygen-related bonds” may  be more informative
s to how reaction conditions in the Hummers method affects the
O structures, and hence the electrochemistry [24]. It is found from
uch work that controlling the residence time of the chemical reac-
ions at 35 ◦C in the Hummers method has a signiﬁcant effect upon
he total number of oxygen bonds in the GO product. Despite this,ys for preparation of graphene and rGO.
Hummers methods are the most common due to the relative safety
of the chemical reaction, as it does not use explosive chemicals.
Aside from the variable oxygenated species, there is also a ques-
tion of the impurities in Hummers-type rGO, often in the form of
manganese (IV) structures as reported elsewhere [25]. While such
materials can be beneﬁcial, one must be aware of the level of impu-
rity and take this into account when designing rGO-based sensors.
It is clear from inspection of Table 1 that characterisation methods
are not consistently applied nor are the number of layers of the
material which limits comparison of the electroanalytical sensors
and their fundamental understanding.
Interesting work utilising rGO have reported a gold
nanoparticles-poly(3,4-ethylenedioxythiophene)/Prussian blue-
reduced graphene oxide (AuNPs-PEDOT/PB-rGO) nanocomposite
which has been utilised as a stable and sensitive label-free electro-
chemical immunosensor for detecting -fetoprotein (AFP) [26]; see
Fig. 3 for an overview of the electroanalytical platform. The use of
the rGO was  reported to increase the sensors performance through
an increased surface area and being a useful supporting material
for the Prussian blue compound. This rGO based immunosensor
showed a sensitive response to AFP in a linear range from 0.01
to 50 ng mL−1 with a low detection limit of 3.3 pg mL−1 and was
shown to allow the determination of AFP within human serum.
Another approach for rGO fabrication is chemically reduced rGO.
One recent success of this technique was  reported by Kirans¸ an
et al., who utilized HI to chemically reduce wet-synthesized
graphene oxide using the method reported by Kovtyukhova et al.
[20,27]. Their work describes graphene paper, fabricated using
a sonicated suspension rGO, Ag nanoparticles, and pyronin Y.
The mixture was transferred to a polycarbonate membrane and
vacuum ﬁltered, leaving a paper-like structure behind consisting
of a rGO/AgNP/pyronin Y composite. After treatment with HI
and electropolymerisation of pyronin Y using voltammetry, the
paper electrode was ready to use. The electrode was employed
towards dopamine detection, ﬁnding a similar performance to
several other graphene composites studied previously. However,
the novelty of graphene paper allows this sensor to stand out,
especially since it would be feasible to scale this up into larger
sheets that could be easily shaped and sized by hand. Graphene
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aper was also reported by Zhang et al., using gold nanoparticles
nd Prussian blue to successfully detection hydrogen peroxide
on-enzymatically to a sensitivity of 5 A M−1 cm−2.
GO can also be incorporated into epoxy resin electrodes, car-
ying the advantage of long term electrode stability, durability,
nd repeatability over proof-of-concept approaches such as drop-
asting. Mun˜oz et al. performed amperometric experiments using
GO made through a Hummers method with ascorbic acid as
he reductant [28]. The electrode utilised gold nanoparticles and
eta-cyclodextrin (see Fig. 4), which is a molecule often used
n host–guest chemistry as an acceptor site for some simple
iomolecules, including thyroxine. The epoxy resin approach was
emonstrated to detect nanomolar concentrations of thyroxine,
hich are required for adequate diagnosis of thyroid activity in
dults. Host–guest interactions are also exploited for the detection
f BrO3− in water samples by Palanisamy et al. [29]. Their work
xploits the host–guest properties of beta-cyclodextrin to immo-
ilise haemoglobin upon rGO. The haemoglobin in this instance is
he signal reporting aspect of the electrode due to its speciﬁcity
owards the BrO3 ion, which reduces to Br(V) to Br−, resulting from
aemoglobin’s afﬁnity for dioxygen. Microwave-assisted synthesis
f graphene is the preferred approach in the work by Li et al. [30] In
hat is essentially a Hummers-type GO, the microwave assistance
peeds up the fabrication process for the rGO. The rGO is then sub-
ected to further microwave treatment in the presence of Ag(NO3)2
nd Zn(CH3CH2COO)2 in the presence of ethanol and NaOH to cre-
te a platform for glucose oxidase to attach efﬁciently. The approach
eports lower detection limits than similar works, though the linear
anges are notably smaller.
Electrochemically reduced graphene oxide (ERGO) has been
sed as the basis of an ethanol biosensor where nicotinamide ade-
ine dinucleotide (NADH) is used as a mediator with gold-silver
imetallic nanoparticles (Au-AgNPs), poly(l-Cysteine) (P(l-Cys))
mmobilised upon the ERGO [31]. Fig. 5 provides a summary of the of the electrochemical immunosensor.
various steps required to produce the sensor. This composite elec-
trode is reported to exhibit an excellent electrocatalytic response
towards NADH at a low oxidation potential (+0.35 V) and mini-
mization of surface contamination due to the synergistic effects of
the Au-AgNPs, polymer and ERGO [31]. This ERGO based sensor
was also used as a sensitive ethanol biosensor, which was pre-
pared with alcohol dehydrogenase (ADH) via glutaraldehyde, bovin
serum albumin and naﬁon (Naf). There was  a linear response for
ethanol in the concentration range from 0.017 to 1.845 mM  with
a low detection limit of 5.0 M reported. The GCE/Au-AgNPs/P(l-
Cys)-ERGO/ADH/Naf based sensor was  utilised as the basis of an
ethanol sensor in different commercial beverages (Fig. 6).
Other notable works include the detection of dopamine by Kim
et al., who  utilised chemically cleaned rGO on a glassy carbon elec-
trode as the working electrode in their work [32]. In many respects,
their work demonstrates that simplicity can be a good thing in
electroanalytical sensing devices, because they only use the two
elements in their electrode design. Such electrodes may not exhibit
the selectivity characteristics that an enzymatic system may offer,
but for the case of dopamine detection, this is not an issue provided
the electrochemical oxidation peaks of dopamine, ascorbic acid,
and uric acid can be independently discerned. Their work observes
dopamine the presence of 1 mM ascorbic acid with a sensitivity of
0.588 A M−1 cm−2. The limit of detection was estimated to be
2.64 M,  which is around the average level of dopamine passed in
urine by an adult in the western world.
Other methods use rGO as a growth substrate for heterostruc-
tures of metal oxides. One such example is the work by Zhao
et al., who  grew ZnO nanorods on rGO that are used as molecular
wires [33]. Their work uses a rGO thin ﬁlm prepared by ﬁltering
rGO suspensions through a membrane, collecting the rGO upon
the membrane. The rGO was dried and transferred to a SiO2 sub-
strate, then ZnO was  hydrothermally grown at 90 ◦C for 1 h. The
approach is fairly simple in its nature and provides a more robust
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Fig. 4. Synthetic route of Au-NP@rGO and -CD-SH/Au-NP@rGO hybrid-materials from GO and their subsequently dispersion in epoxy resin for nanocomposite sensor
purposes.
Reproduced from Ref. [28].
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ethod for a repeatable graphene-based electrode. The electrode
as used to anchor glucose oxidase, providing a centre for glucose
xidation that could be efﬁciently transmitted to the potentio-
tat through the synergistic effect of the rGO network and the
nO molecular wires transferring the signal from glucose oxidase.
he sensor was demonstrated to have a sensitivity to glucose of ethanol biosensor fabrication process.
17.64 A mM−1, which is comparable to similar methods in the cur-
rent literature (see Table 1). Electrochemically reduced graphene
oxide (ERGO) ﬁlms have been utilised to modify screen-printed
electrodes (SPE) for the detection of Zn/Cd and Pd [34], and pen-
cil graphite electrodes for the detection of Pd in milk Samples
[35]. In both cases the detection mechanism was  via stripping
S.J. Rowley-Neale et al. / Applied Materials Today 10 (2018) 218–226 225
Fig. 6. Preparation of CA/RGO/GCE and nano-sensing of the guest metal ions.
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should be incorporated, i.e.  chemically rGO should be notated asigure reproduced from Ref. [37].
oltammetry. Improvements in sensor performance was observed
sing rGO, adsorbed onto large surface area electrodes, giving rise
o favourable electron transfer sites.
The summary of the use of rGO as the basis of the sensor is that it
s mainly used to increase the assessable electrochemically active
rea and also provide stability for the immobilisation of electro-
atalytic compounds/moieties. In the case that the electrochemical
echanism is diffusionally based, the peak current is governed by
he Randles-Sˇevc´ik equation [36], and the increase in the electro-
hemically active area, where the electroanalytical sensor is based
pon rGO (rather than say a compound modiﬁed upon its surface),
ill give rise to larger voltammetric currents and hence a larger
ignal output which should improve the sensitivity and limit of
etection. However, control experiments using just graphite (or
imilar) are not routinely performed and needs to be undertaken in
ases where rGO is reported to give rise to signiﬁcant outputs. One
rea that beneﬁts greatly from the use of rGO is where the underly-
ng electrochemical mechanism is adsorption based, as is the case
ia stripping voltammetry, where the increased surface area gives
ise to a greater proportion of adsorption sites and hence improve-
ents in the sensors performance will be realised. This has been
eported, for example by Göde et al. [37] modiﬁed a glassy carbon
lectrode (GCE) with calixarene functionalized reduced graphene
xide (CA/RGO) and applied it to the sensing of, Fe(II), Cd(II) and
b(II), in aqueous solutions. The CA/RGO was  found to signiﬁ-
antly improve the sensitivity of electrochemical responses and
eparation of the target heavy metals. The electrochemical oxi-
ation of Fe(III), Cd(II), and Pb(II) was performed by square wave
oltammetry (SWV) with analytically useful detection limits possi-
le with the sensor applied into pharmaceutical formulations [37].
learly such approaches, have merit capitalising upon the under-
ying electrochemical mechanism, i.e. adsorptive over diffusional
hich really shows the beneﬁt of using rGO.3. Concluding remarks
This review has explored the recent ﬁeld of using rGO as the basis
of electroanalytical sensors, where mainly it is found that rGO is the
basis of sensor and is usually modiﬁed with nanoparticles or elec-
trocatalytic moieties. In this approach, rGO is reported to provide
a larger surface area and stable surface onto which nanoparticles
and electrocatalytic compounds are reproducibility immobilised.
However, in other cases there are no justiﬁcations of why rGO is
beneﬁcial or why it is being used when graphite could equally be
usefully utilised. The large surface area of rGO is beneﬁcially utilised
when the electrochemical mechanism is adsorptive in nature, this
is exempliﬁed when used in stripping voltammetry. Our analysis of
the ﬁeld suggests the following is addressed in future publications,
which are currently seldom considered:
• Consider the amount of rGO used in sensors and consider cov-
erage experiments to determine the optimal amount of rGO
required.
• The number of layers of rGO should be reported to allow direct
comparison and reproducibility in the ﬁeld.
• Since rGO is not fully reduced, i.e. to pristine graphene, the C/O
ratio, amount and C O groups/types needs to be deduced as these
might contribute to the electrochemical response.
• Controls are made with graphite for the proposition of rGO as in
most instances, based on the design of the sensor, the former is
more than adequate.
• The methodology of the rGO fabrication is made, i.e. following the
work of Pumera et al. [38] which overviews the terminology thatCrGO or similar to allow future understanding and differentiation.
• The underlying supporting electrode material is not usually
explored and this will have an effect upon the electrochemical
2  Mate
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[86] Y. Zuo, J. Xu, F. Jiang, X. Duan, L. Lu, H. Xing, T. Yang, Y. Zhang, G. Ye, Y. Yu, J.26 S.J. Rowley-Neale et al. / Applied
sensor due to the supporting electrodes roughness and rGO-
electrode substrate interactions. Generally however, if a sensor
is really going to be implemented into the ﬁeld, the research
should be undertaken upon screen-printed electrodes which
allow translation of research from the laboratory in-to-the ﬁeld
due their scales of economy and high reproducibility [39,40].
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